/A0-R187 085  EVALUATION OF A TENPERATURE REMTE SEIS!”
- (V) JOHNS MII muv LAUREL MO APPLIED rwrg‘x”c's' % 1
S A GEARHART ET AL. JUL 87 JHU/APL/TG-1365
UNCLASSIFIED NOG#39-87-C-5304 F/6 14/2

N




(N R M PR 0 A N0 90 W fu fe vl At SRav At b i/ el b i S A A AR A AR A N R

OTC FILE COM 7 @

JHU/APL
TG 1365
JULY 1987

. 7
MG f\.?c’mormm’m;z

EVALUATION OF A TEMPERATURE
REMOTE SENSING TECHNIQUE

S. A. GEARHART and M. E. THOMAS N

AD-A187 885

5 DTIC  *]

ELECTE L
DEC 0 21987
.

H

........
e e T e Ta N T L S S T P T T T SR
LI . e T e T U

T T N e N N e _ g et e e e e
R A AR A A T e R e e e e e e e e e AR O B ST A
AT RN P S S S -‘-f.\‘;'n].'h- T A e P R LD S =



AN
‘.r:'.r
'.r;.r
!‘o Tt oot
. UNCLASSIFIED L L=
o s , hd B X
SECURITY CLASSIFICATION OF THIS PAGE /4‘ Sty LT ET
\] WA A ."}"
| 2. €.
Q REPORT DOCUMENTATION PAGE o
1a REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS _-:(:'
UNCLASSIFIED 22t ]
23 SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT
\.:,,'s"
. ) AT - iy
70 DECLASSIFICATION/DOWNGRADING SCHEDULE Approved for public release; distribution unlimited. ‘-:."
g
~
4 PERFORMING ORGANIZATION NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S) ~ \. \
S
JHUAPL TG 1365 JHU/APL TG 1365 ¥
6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION e t
) e . (If Applicable) "’
The J(\hn\ H(_)pklll\ University NAVPRO, [ aurel, Maryland ! ":
Applied Physics Laboratory TIR !
)
e 1
6c ADDRESS (City, State, and 2IP Code: 7b ADDRESS (City, State. and ZiP Code) '5}'
Johns Hopkins Road Johns Hopkins Road . A
Laurel, Marvland 20707 l.aurel, Maryland 20707 R
E— L4
8a NAME OF FUNDINGISPONSORING ORGANIZATION 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER ::_.\
If Applicable S
THU APL Independent Research i Aeel , N
and Development Program FiF NO00039-87-C-5301 LA
“'a
- SyCH
8c ADDRESS (City State and 2IP Code: 10 SOURCE OF FUNDING NUMBERS -,:\.
PROGRAM PROJECT TASK WORK UNIT N ad
Johns Hophkins Road ELEMENT NO NO NO ACCESSION NO .
Laurel, Marvland 20707 X8GS
w4
»-' .
.-'. 11 TITLE tinclude Security Classifications
-
S Evaluation of a Temperature Remote Sensing Technique (U).

12 PEASONAL AUTHOR(S)
Gearhart, S. AL and Thomas, M. L.

13a TYPE OF REPORT 136 TIME COVERED 14 DATE OF REPORT (Year. Month. Day) 15 PAGE COUNT ::.f_
Technical .\lcn‘.o‘rundum P ROM 10 1987, July 10 -::-:.

16 SUPPLEMENTARY NOTATION .,_\'
th:
A
AN

.

17 COSATI CODES 18 SUBJECT TERMS
b— - — - . . . . . . .
FIELD GROUP SUB-GROUP Combustion diagnostics Noninvasive instrumentation
l.aser absorption technigue Temperature sensing

L.aser remote sensing

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

A nommasive technigque for measuring temperature in hot gases is evaluated as an alternative to conventional mechanical probing techniques. The
technigue uses a diode laser spectrometer to measure the line-center absorption cocfficient ratio of two absorption lines that originate trom difterent vibra-
tional energy levels of the same absorbing species. The temperature is calculated without knowledge of the pressure, absorber concentration, or optical
length. A previous study demonstrated temperature measurements at aboutr 2000 K at atmospheric pressure. The results of this evaluation suggest that
the technique s also applicable for temperatures as low as 400 K and at pressures well below 1 atm.

. U o ——— —_— e
20 DISTRIBUTION'AVALLABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

s & UNCLASSIFIEDIUNLIMITED 0 sAME AS RPT O DTIC USERS UNCT ASSIFIED

e e

* e, 1228 NAME OF RESPONSIBLE INDIVIDUAL 22h TELEPHONE Inciude Area Codel 22c OFFICE SYMBOL
'-- . . . . -
. NAVPRO Sccurity Officer (301) 953.5403 NAVPRO SE
Al

‘e

«,” DD FORM 1473, 84 MAR 83 APR edifion may he used untl exhausted SECURITY CLASSIFICATION OF THIS PAGE
. . Alloteredimons are obsolete T TomTm e

All other edittons are obsolete . - UNCLASSI F'ED

N I S R A ot S sty VA

LN

{vr . . --.- - ” » - L) - - - 1.--\.1 - 'w -
TS E."E:!f! S S St R L VS R L NS N O




IR o4

pR%s

%

JHU/APL//"
TG-1365
JULY 1987
Technical Memorandum
EVALUATION OF A TEMPERATURE
REMOTE SENSING TECHNIQUE
S. A. GEARHART and M. E. THOMAS
THE JOHNS HOPKINS UNIVERSITY s APPLIED PHYSICS LABORATORY g "y
g e ot 1 o e T S ——"
; By.. -
Approved tor public release Distribution 15 unhmited - ‘Distribution/ X
l‘ Avallabllity Codoa .
e A A A e R S A o o e e e L



| al.dat San o B Rab Rat Son bt fab RaS fa° Ba® Aa% Sa° flat o8 fo' fob Jaf fat hot Ba? (0t (a0 fot o' Ra' Lot da' i I S A" e ala atn" Raattc W o Ui alil oSh aid o oSk 2Pl uflh g~ 'R o' Ball 5.0 Sal Vof Sol ¢ of

s K
E THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
q‘ LAUREL, MARYLAND
(507
' ABSTRACT
-h‘

. A noninvasive technique for measuring temperature in hot gases is evaluat-
,Q. ed as an alternative to conventional mechanical probing techniques. The tech-
ho! nique uses a diode laser spectrometer to measure the line-center absorption

coefficient ratio of two absorption lines that originate from different vibration-
g al energy levels of the same absorbing species. The temperature is calculated
\}' without knowledge of the pressure, absorber concentration, or optical path length.

A previous study demonstrated temperature measurements at about 2000 K at
. atmospheric pressure. The results of this evaluation suggest that the technique
«j is also applicable for temperatures as low as 400 K and at pressures well below
:ﬁ 1 atm . . . ,

A : : o
PN ’A’ ’ ',*'v 4 s ’ 4 / '
Ta
e > .
)

-
£
o
F\.

N
4
’
o
LN
}:.
‘
)
o~
ol
”.
-,
e
*
s"‘
v
"y > 3
-4

e W]

L P A L T A SR S
(h--".‘-l..f_-J f~f_.l,~f W J'\-"\.-{"‘-f'




THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
LAUREL, MARYLAND

CONTENTS
- List of Figures............ooii 6
! LO Introduction....... ..o it e e e naa e i 7
b | I 601114 | T O S TR 8
2.1 An Overview of Absorption Theory.......ccoceiiviiiiiiiiiiiiiiireeene, 8
2.2 The Temperature Dependence of the Line-Center Absorption
Coefficient Ratio of Two Absorption Lines............covevivvinnnnn. 10
Absorption Line Selection..........cooeiiiiiiiiiiiiiiiiiiiiiii e 11
3.0 Experimental Setup..............cooiiiiiiiiiiiiiiiiiii e 12
K B e R 1) o D U 12 _
3.2 APPDATALUS c..etitiin et ee et ee et et e et e e e aaae e eas 13 .{:-i
3.2.1 The Diode Laser SYStemM.........ocuviiuniinieeniineieieeenaerenenns 13 ag
3.2.2 The Test Cell......ooiiiiiiiiiiiiiiii e, 14 s
A
: 4.0 MEASUFIMIEIIES .......vintieii ittt ettt e et e s enearaeeaens 15 :-::-;
! 4.1 Measurement Procedures.............coiiviiiiiiiiiiiniieii e, 16 SN
4.2 RESUIS ..ot e 17 .
4.2.1 Results of Measurements in the Doppler Regime................ 17 :?:
4.2.2 Results of Measurements in the Collision Regime............... 18 N
4.3 Error ANalySiS.......coiniiiiirii i e 20 f:-’.
4.3.1 Transmittance Measurement Errors..................coooinnnnen, 20 o~
4.3.2 Temperature UnCertainty...........oviunieniiuneiniieneieeeeeanaennns 21 N
S0 Conelusions. .. ..ot e e 23 s
Appendix A: The AFGL. Absorption Line Compilation........................ 24 :::-:'
el
Appendix B: The Spectra of Diatomic Molecules...........oooooiiiiiinne, 25 ):j:
. ~
R IO . . .. . i e e 27 :{::-
- N
e
5
e
5 ,
o i
o
A
1 N T e S 0 S S e A e Lo T e e L



ORI CY \ S e Tyt
hﬁﬂ\'ﬁ\.‘f ENEN D fn. \." ’\ ‘:.\A.-..& Fot e P

THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
LAUREL, MARYLAND

FIGURES

1. The temperature remote SeNSiNg CONCEPL.....ceurvreeriarentraieeerienerernens 8
2. Laser absorption in @ 8aS.........ceuieveriniuernioneineeroneensrererroerareneonees 8
3. The ratio of collision linewidth to Doppler linewidth

for the C'?0'® 1-0 P(1) absorption line.............ccovvvererreenennnnn. 10
4. The effect of increasing temperature on energy state

populations and absorption line transmittance profiles................. 10
5. Absorption spectrum of CO measured using a Fourier

transform spectrometer and test cell..........ooiiiiiiiiin 12
6. Experimental setup and apparatus.........cc.covvviieirinniiieniriieieneeneans 13
7. Diode laser tuning characteristics.......ovetveiiieieriiieniereienenneennnnnen. 14
8. The test cell and vacuum enclosure configuration.......................... 15
9. Absorption line transmittance MeEasUreMeNt.........c.covvrenevanrnenenaenns 16
10. Temperature measurements in the Doppler regime......................... 17
11. Temperature measurements in the Doppler pressure

1074 1 1 LI P U 17
12. Transmittance profiles of three Doppler-broadened CO

absorption lINes........c.oevviiiiiiiri e 18
13. Temperature measurements in the Doppler pressure

regime. (The modified STP line strength of C"0'" 1-0 P(1)

L L 1o 1 T 18
14. Temperature measurements in both the Doppler and

COMISION TERIMES ... evinieie ittt e et v e e e e e nenens, 19
15. Transmittance profiles of two collision-broadened CO

abSOTPHON HINES.. ..ot e 19
16. Temperature measurements in both Doppler and

collision regimes. (The modified STP line strength of

c20'" 1.0 P(1) was used.).....coooriveiiiii i e 19
17. Theoretical transmittance profiles of two collision-

broadened CO absorption lines at various pressures.

Temperature = 773 K. e 20
18. Theoretical transmittance profiles of two collision-

broadened CQO absorption lines at various pressures.

Temperature = 1273 K. e 20
19. Etalon-like degradations in transmittance Spectra............cococeeeuenen.. 21
20. Scan-to-scan repeatability of the background trans-

MILANCE eVl .. e 21
21. Temperature uncertainty calculations for the matched

line pair in the Doppler-broadened regime...............oooovieninnn, 22
22. Temperature uncertainty calculations for the matched

line pair in the collision-broadened regime............o.ooooiiin, 22
23. Temperature uncertainty calculations for the mixed

line pair in the Doppler-broadened regime..............cooviiinn. 22
B-1. Energy levels and spectrum of a diatomic molecule...................... 26

6

T F

.
l"‘

fid

!

- 3

o

v

.,'.‘-‘

Pos

RS

I

HA5%4S

' .:_‘.4

-

b gohe u"c's,', '..".".

g rr‘ ‘lr{

48!

’
v

R PRI Y

£

AR IO 1 s

XS




THE JOMNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
LAUREL, MARYLAND

1.0 INTRODUCTION

Astrophysicists have long relied on measurements of
electromagnetic spectra to determine remotely many
properties of celestial bodies, such as their temperature,
pressure, and chemical composition. With recent ad-
vances in optics and quantum electronics, similar spec-
troscopic techniques are now being employed for other
applications that require a remote, noninvasive mea-
surement. For example, Reid et al.' used a tunable di-
ode laser spectroscopic technique to identify and mon-
itor air pollutants remotely. A similar technique has been
proposed by Cassidy et al.” to measure the pressure of
trace gases in the atmosphere. In addition, Raman spec-
troscopy and coherent Raman anti-Stokes spectrosco-
pv (CARS) techniques have been investigated to measure
temperature and molecular concentration for flow and
combustion diagnostics. '

This study examines a spectroscopic remote sensing
technique that was first proposed by Wang " to measure
temperatures of hot gases noninvasively. The technique
uses a tunable laser to probe the gas and measure the
line-center transmittances of two absorption lines that
originate from different vibration-rotation transitions of
the same molecular species. The ratio of the line-center
absorption coefficients, calculated from the measured
transmittances, determines the temperature of the gas.
Hanson ¢t al.” demonstrated this technique, using a
tunable diode laser and two carbon monoxide absorp-
tion lines to measure temperatures in a ttame. The tem-
perature uncertainty at 2100 K is gquoted 1o be better than
+ 20,

The dual-line ratio technique has two major advan-
tages over the Raman spectroscopic and CARS tech-
niques mentioned aboyve. First, a relatively strong laser
signal is measured as opposed to comventional Raman
spectroscopy, which requires the measurement ot rela-
tively weak fluorescence. Consequently, the detection
signal-to-noise ratio is significantly greater. Although

"IORed, 1 oShewchun, B Guarside, and N Ballih, “Detet
mg Pollutants in the Ntmosphete, ™ Al Ope 17 1han 1978

T Cassady and 1 Red. A mosphiene Monmoniee of brace
Caases.” Appl Opr 28 (Apr 1982

NL D Fevenson, U oherent Rasman Specttoscopy " Pl Today
(May 1977

S Leeo RO Lumner and RO Banson " Optcal Measuremenis

the signal-to-noise ratio in the CARS technique is typi-
cally good, high powered tunable lasers are required,
Furthermore, the decoupling of temperature from ab-
sorber concentration in the measured CARS signal is
difficult and requires extensive calibration and data pro-
cessing. By comparison, the dual-line ratio technique
uses low power, relatively low cost diode lasers, and
requires minimal knowledge of other gas parameters
(i.c., pressure, path length, and absorber concentration).

The disadvantage of the dual-line ratio technique is
that it does not measure temperature at a point, but
along a homogeneous path. However, Wang* has pro-
posed extending the technique to measure a cross sec-
tion of gas by taking many line measurements along
different paths and extracting point data via computer-
aided tomographic techniques. With future advances
in diode laser technology, for example the development
of single-mode lasers that do not require cooling from
a closed-cycle cryogenic refrigerator, a diode laser sys-
tem may soon be compact enough to make tempera-
ture tomography possible for many practical applica-
tions. Indeed, such a system may be significantly sim-
pler to implement than the rival techniques mentioned
above.

The intent of this study is to examine both analyu-
cally and experimentally the dual-line ratio technique
and identify the parameters that are ¢ritical in pracu-
cal applications. Since previous studies have demonstrat-
ed the basic teasiblity for high temperature measure-
ments (at about 2000 K),* the applicability for temper-
ature measurements below 1000 K is emphasized. Var-
ious total pressure regimes are also examined, as well
as absorption line selection criteria. One potential use
for the technigue 1s to monitor temperature in a super-
sonic acrodyaamic test facility such as the one at The
Johns Hophins University Applied Physics Laboratory .

tor Ranyet Fngie Desclopment,”™ Johns Hophns AP Tech e
(lul  Sep 1983y

LY Moang, Laser Absorption Methods tor Simualtaneous De
ternnation of femperature and Speaes Concentration Through
A Cross Secnon of Raduating Flow " ppd Ope 18 (M 1976
"R KN Hanwon and Pk Talcone, " Temperature Measarement
Lechimque tor Hivh Temperature Gases Using a Tunable Diode 1 a
set T Appd Opr 1T (e 197K
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2.0 CONCEPT

Figure 1 is a block diagram of the remote sensing con-
cept. The beam from a tunable laser is passed through
the gaseous test medium to a radiation detector. The
frequency of the beam is tuned through two absorp-
tion lines of the gas. The temperature of the gas is then
determined from the measured transmittance profiles.
The equations for determining the temperature from
transmittance measurements are developed below. The
criteria for selecting the absorption lines are also
presented.

Tunable
laser

Laser

beam
A Test
. 'f f * environment

: ’ Temperature
’ Laser transmittance
over two
absorption lines

100%

Computer

r ING AN
P :
Radiation 0%
detector M

Figure 1 The temperature remote sensing concept.

2.1 AN OVERVIEW OF ABSORPTION THEORY

When molecules are irradiated with a continuous
spectrum of photons, the transmitted spectrum contains
dark lines that correspond to absorption at discrete fre-
quencies. The frequency at which an ‘‘absorption line™’
appears is proportional to the energy required to cx-
cite cach absorbing molecule from a lower to higher
cnergy configuration. The distribution of absorption
lines is characteristic of the structure of the absorbing
molecule.

Consider a laser beam of intensity [, passing
through a gascous medium as shown in Fig. 2. It the
cnergy of the laser beam (i.c., the frequency) is approx-
imately equal to the energy difference between two
quantum cnergy levels of the gas molecules and if the

Absorbing
gas

—_— Transmitted

=14, T laser
beam
100
£ 50
= I
0

Figure 2 Laser absorption in a gas.

transition from one energy level to the other is allowed
(given quantum mechanical constraints), then the laser
energy is absorbed, causing a sharp reduction in trans-
mittance. The change in intensity of the beam after pass-
ing an infinitesimal distance into the gas is - d/, where

dli(v) = —k()dl . (N

Equation 1 is Lambert’s law for the absorption of radi-
ation. Solving the differential equation gives the trans-
mittance of the beam through a thickness, or path
length, ¢; thus,

I(v
T(v) - ) e M (2)

0

The transmittance of the laser as a function of frequency
defines the shape of the absorption line. The absorp-
tion coefficient, &, can be expressed as the product of
two terms: S, the linestrength, and g(v,r,), the
lineshape function

k() Se(r,,) 3)

where », is the line-center wavenumber.

The linestrength determines the intensity of the ab-
sorption line per unit path length. The linestrength de-
pends on the difference between the number of mole-
cules that are inttially residing in cach of the two energy
states of the corresponding energy transition, as deter-
mined by the temperature and pressure ot the absorb-
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ing species and the probability that the transition will
occur. The derivation of the linestrength is lengthy and
not integral to this discussion; therefore, one common-
ly used expression is simply stated below:

Ty Pi Qr Qv O,
T P, 0:0/0

[ ()]
X exp|E, \ ———
kpTT

1 — exp( —hcvy/kgT)

=9I

) )
1 — exp(—hevy/kgTy)

where

T is the temperature,

P, is the partial pressure of the absorb-
ing species,

E; is the lower energy level of the tran-
sition,

Qs, Q,, and Qg are the electronic, vibration, and ro-
tation partition functions, respective-
ly, and

are Boltzmann’s constant, Planck's
constant, and the speed of light,
respectively.

ky, h, and ¢

The subscript ‘0’ denotes values at a standard tem-
perature and pressure (STP) of 296 K and | atm, re-
spectively. Equation 4 expresses the linestrength as the
departure from the linestrength value at STP,

The STP parameters that are relevant to this discus-
sion, the linestrength, S, the energy of the lower level
of the corresponding transition, E,, and the line-center
wavenumber, »,, are obtained from the absorption
line parameter listing prepared by the Air Force Geo-
physics Laboratory (AFGL.) for the primary atmospher-
ic species.” A computer program that reads the AFGI.
data tape is provided in Appendix A. Examples of the
output are included.

The lineshape function characterizes the frequency
spread of the absorption line. It is normalized such that

vy dv = 1, (5)

TR.OAL McChchey, AFCRE Atmospheric Asorpion 1 ine

Parameters Compilution, distnibuted by Nanonal Techiieal Intor
mation Service (fan 1973)

The lineshape function can be easily understood from
a classical viewpoint by treating each absorbing mole-
cule as an electric dipole that is excited and set into mo-
tion by the applied electromagnetic field (i.e., the laser).
Using a linear systems analogy, the lineshape function
then represents the frequency response of each dipole
or more precisely the response of the polarization field
produced by the summed fields of all the dipoles, to
the applied field. This is directly analogous to the re-
sponse of a damped spring-mass system to an external
driving force. By evaluating the classical equations of
motion for a large number of oscillating dipoles, it can
be easily shown that the width of the frequency response
is related to the decay rate of the resultant polarization
field.

In general, at pressures above approximately 0.2 atm,
the decay rate of the resultant polarizauui field, and
hence the shape of the lineshape function, is determined
by the rate of molecular collisions. This is collision
broadening. The collision lineshape is a Lorentzian func-

tion given by

2 20 — )\
oo = 2l (Br0Y ] e
B (vm) WAV(»/[ Ave ©)

Av,-, the collision linewidth (the fullwidth at halt max-
imum (FWHM)), is

Avg = 20y P, (T, T) ° (7)

where «, the STP FWHM, is obtained from the
AFGIL. compilation. Note that the use of Eq. 7 is re-
stricted to gas mixtures having molecular composition
similar to that of the atmosphere. (a, can be consid-
cred the broadening coefficient for an air mixture.)

At pressures below about 0.02 atm, where atomic col-
lisions are infrequent, the Doppler effect determines the
width of the absorption line. Doppler broadening oc-
curs when radiation at an arbitrary frequency is Dop-
pler shifted to the line-center frequency (i.e., the res-
onant frequency in the moving reference frame of the
molecule). Subsequently, because of the velocity dis-
tribution of the molecules in the gas, a range of inci-
dent frequencies can be absorbed. The Daoppler line-
shape is a Gaussian function given by

-
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in(2) 2
gpryy) = \/“—)
T

Avp

X exp(~In(2)[2(v — vy)/An)) .

®
The Doppler linewidth (FWHM) is given by
2T In(2)\
Avpy = 2y (*i/\—/’c—g—> ) 9)

where M is the mass of the absorbing molecule.

At pressures from about 0.02 to 0.2 atm (for tem-
peratures between 500 and 1000 K), both molecular col-
lisions and the Doppler effect contribute to the absorp-
tion lineshape. This is the Voigt regime. The Voigt line-
shape is expressed as a convolution of the collision and
Doppler lineshapes,

broadened

Collision
broadened

0.1

regime

regime

g (vwy) = S gn(v') gc vy — v') dv’ . (10)

Figure 3 shows plots of Ay, /Av;, versus tempera-
ture for air-broadened carbon monoxide at a number
of pressures. The calculations were performed using

transitions between energy states 0 and | and states 1
and 2, respectively, as shown in Fig. 4. As tempera-
ture increases, molecules in state 0 are thermally excit-
ed to state 1. Because of the decrease in population
difference between states O and 1, the lingstrength of
the corresponding absorption line decreases. Converscly,

R S|
400 SOOKBOO

1000

Figure 3 The ratio of collision linewidth to Doppler
linewidth for the C'20'® 1.0 P{1) absorption line.

Transmittance

100%

Egs. 7 and 9. The three pressure regimes are marked E:tzrt%y E::;zy
on the figure.

Increase

b temperature p b
2.2 THE TEMPERATURE DEPENDENCE OF 2 p—
THE LINE-CENTER ABSORPTION COEFFICIENT 153 11—
RATIO OF TWO ABSORPTION LINES
o0 ——— o—
Consider two absorption lines of the same species that

are nearly coincident in frequency, and originate from Population Population

Transmittance

the increase in state |1 population increases the popula-
tion difference between state 1 and 2, resulting in an 21

—

tncrease
temperature

10
transition

21

increase in the linestrength of the corresponding absorp- transiton
tion line. It is the relative behavior of these two absorp-
tion lines, as predicted by Maxwell-Boltzmann statistics,
that is exploited for the temperature sensing technique
examined in this study. This behavior is quantified be-
low. Using Eg. 2, the transmittance ratio of the two
lines at their respective line-centers is

e W ® L m et v N e b A R e AT, T E et et o m A s e a
B AT IR R R e S SN Y, | A T T
L"-"..'.‘.n O AN ST, WS S VS i:'.h} ST P XSS A S s

transihion
wansitton :
T e i L L.

OU'n -

& i

Figure 4 The effect of increasing temperature on ener-
gy state populations and absorption line transmittance
profiles.
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Ty (vo1) _ expl—&; (v )]
T> (ve2) exp[—k; (v52)1]

Iy

Taking the natural logarithms of the numerator and the
denominator gives the absorption coefficient ratio:

In TI(V()]) _ kl

Ky i g (vvy)
In T, (vy) ka

(12)
S; & (v,pp)

Using Eq. 4, this becomes
InT (voy) _ <%)
In Ty (v) Soz
[(E Ep) (T— T")]
X ex - -—
p il 2 ky ToT

& (Vm?
& (vp2)

(13)

where the ratio of the factors

( b — exp(—hevy kg T) )
1 — exp(—hecvy kg T:)

1 — exp(—hcvy, kgT) )
( I = exp(—hevyg kyTy)

since vy, = 1y, Solving for the temperature and us-
ing Eqgs. 6 through 9 yields

collision
regime

. T,
T - (14)
ky T, (ln(TI) S

in

E, - F- Ty o S

for pressures in the collision broadened regane, and
since Avy, = A,

Doppler
regime

I.
T (s

kT, ( (T y S.
- in . )
I, I n(T-y S,

for pressures in the Doppler broadened regime. Equa-
tions 14 and 15 indicate that only the line-center trans-
mittances of the two absorption lines need to be mea-
sured to determine the temperature of the gas.

At pressures in the Voigt regime, the ratio of the
lineshape functions in Eq. 12 will not reduce to a sim-
ple expression. To determine the temperature, the nat-
ural logarithms ot the transmittance profiles (i.e., the
absorption profiles) must be integrated, respectively, and
ratioed to yield the linestrength ratio, which can then
be used in Eq. 15. Because the procedure is somewhat
more complicated, this study considers only pressures
in the collision and Doppler broadened regimes.

2.3 ABSORPTION LINE SELECTION

For the dual-line ratio technique to be useful in a va-
riety of applications, a number of candidate absorp-
tion line pairs must be available. This requirement is
satisfied in the infrared (IR) region of the clectromag-
netic spectrum, where there is a multitude of vibration-
rotation absorption lines of various species. The regions
from 3 to 5 um and froim 8 to 12 um are of particula
interest because the effects of water vapor absorption
is small for short path lengths. The general requirements
for selecting absorption lines arc:

1. The lines must correspond to different vibration-

al energy transitions of the same absorbing species,

2. The separation between the lines should be small

cnough to be scanned with a single frequency
sweep of the laser,

3. The «eparation between the lines should be large

cnough to preclude significant overlap, and

4. The transmittances of the absorption lines should

vary between 10 and 90% over the temperature
range of interest.
A number of these requirements are claborated below.

The maximum absorption line spacing is limited by
the continuous tuning capability of the laser. For a tuna-
ble IR diode laser, absorption line separations must be
about 1 em ' oor less.

The nunimum spacing that can be tolerated betore
the hines overlap significantiv is largely dependent on
the test environment. For example, at pressures in the
collision regime and at temperatures below 1000 K, line-
cenrer rransmittances tor absorption lines that are sepa-
rated by dess than about 0.5 em ' are subject to over-
lap error, because the widths of the hines are refatively
large. This s evident trom Fg. 70 A lower pressures
and higher temperatures, however, the mumimum line
spacing requirenients are wreathy refased. Tine overlap
constderanions are discussed turther in Later sections,
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The transmittances of the absorption lines also de-
pend on properties of the test environment: specifical-
lv, the path length, absorber concentration, temperature,
and total pressure. If the test environment is such that
one or both of the line-center transmittances is either
very close to 100% or close to 0%, then the changes
in transmittance with temperature will be small and of
the same order as the measurement errors. Hence, the
subsequent temperature measurement errors will be
large. Although in most cases the properties of the test
environment are fixed, the absorption line selection pro-
cess does allow some control over transmittance values
for a given environment. For example, t'vo absorption
lines whose STP linestrengths are as close as possible
will vield significantly better measurement accuracy at
low temperawures than that of two lines whose STP line-
strengths differ by a relatively larger amount.

Carbon monoxide (CO) absorption lines were selected
tor this study, partly because of its abundance in most
combustion processes where the dual-line ratio temper-
ature-measuring technique might be useful. In addition,
however, CO has some other attractive features. These
are best described with the aid of Fig. 5, which shows
an absorption spectrum of CO that was obtained with
a Bomem model DA3.02 Fourier Transform Spectrom-
cler and test cell. First, the separation between the fun-
damental lines (.e.. the 1-0 vibration lines) is
approximately

Ay, = 2B = i%cm

.

')

Absorption coefficient {cm

where B, is the rotational constant for CO (B, =
1.931285). In most test situations, these lines are far
enough apart to preclude significant overlap errors.
Morcover, the fundamental vibration band and the 2-1
vibration band are intermeshed; hence, it is likely that
there are a number of 1-0, 2-1 line pairs that meet the
spacing requirements discussed previously. Although the
2-1 vibration lines cannot be resolved on Fig. 3, the band
center position, which is at 2116.80 cm ', can be cas-
ily calculated from other CO molecular constants. Ap-
pendix B presents the equations that determine the
spectrum of CO. These equations can be used to as-
sess the suitability of other diatomic molecules provid-
cd that the molecular constants are known.

4.5,
T {1-0) P branch ! (1-0) R branch
3.5|Note: ‘
| The 2-1 spectral lines |
| cannot be resolved vl
2.5 ) P
1-0 lines of o
+ other \ "

' CO isotopes
151 e\

0_51 ‘ﬁy ‘\\"J\"TH “’ |

Al L.llhlm J J}.‘A‘Jl,i‘lnlﬁ}‘]‘]hlj Il ll Ln ‘.““H s

2000 2060 2120 2180 2240
cm

Figure 5 Absorption spectrum of CO measured using
a Fourier transform spectrometer and test cell.

3.0 EXPERIMENTAL SETUP

I he dual-line rato technique was emploved to mea-
sure gas temperatures inoan absorption test cell. The
primary goal was to cvaluate the applicability ol the
technmique, with particular emphasis toward measure-
ments below 1000 K. The test setup and apparatus are
deseribed below,

1 TEST SETUP

Figure 6 shows the test setup, The divereme beam
from the diode faser s collected and collimated by a
25 mm focal length ¢ Bal - dens The colhmated
beam i chopped at 260 Hy and tocused 1o the

37
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Figure 6 Experimental setup and apparatus.

monochromator input slit with a 37.5 mm 1 Bal,
lens. The 0.35 mm {1 McePherson Model 270 monochro-
mator serves as an optical bandpass filter to isolate &
single laser mode. The monochromator wavelength dial
coincides with the wavelength region of the absorption
fines to be measured. The monochromator imput out-
put shiv width is 300 gm. This width s Targe enough o
pass the single laser mode over the reguired tuning
range, but small enough to ensure secondary mode re-
eetion.

The monochronrator output, which as subseguenthy
recollimated by a second 37 S mm 11 Bal - lens, strikes
a Cal - beamsphurer. The transnitted beam enters the
vacuum enclosure through o Bal window, reticars
from a tirst-surtace mirror through the test cell, and
eniiy the vacuum enclosure through o second Bal
window  The heated test cell contams vanious mistures
ot carbon monoxvde (CO) and mtrogen (N 0 The
bewm retlecred by the beamsplinrer strihes @ cerman
um Fabas Perot cradon thar has o tree spectral tangee
SRy of 0066 0, By countimye ctalon transmi
Tatece manma, sshich occur when the Laser wavelenyeth
soannteoral mdnple ot taace the ctalon aptical thack

Aess, e e tare ot rhie Leser can be mionitored The

St vae o boan frows The O Stare U nnver sy
; IER A SO BRTATY
Ve b etadorc ot pats are cach tocused frs
oo e 0 Bab o oo o hoped mittovan coeded
bose i o Dao GG E ok i Amphiters, models
206 gt 207 domodadate the dorecton ourputs N aen

Soncaton acnas trons the Chopper supphies the lock

amphtier reterene - \
reconds the demodu IR
Proper alizimicnt o tre oL
s critical because, ar bestoine et

ratio s low owimng o the o faser paen o -

I mW) and the laree atienuabion Do e
components. The minal abienment i oo

a heliume-neon (He-Ne) beam thur s ahiened oo

with the diode laser beam. Fine adiustnients o
made to lenses and mirrors to optinize tic dorecoes o
ode Taser signal.

3.2 APPARATUS

The two components that are mteeral 1o this study
are the diode laser system and the absorpuion resi cell
Both components are described below

3.2.1 The Diode Laser System

The diode laser system, manufactured by Spectra
Physics, T aser Analvtics Division, consists of the lasers
and cold head, the cryogenic refrigerator, the vacion
pump and control unit, the Model SPS720 crvogenic
temperature stabilizer (CTS), and the model SP3820 la-
ser control module (1 CM),

T'he cold head, cryvogenie refrigerator, vacion pump
and the CTS torm the closed-cvele cooling system that
maintains the diode lasers at iemperatures as low as
about 13 K. Pressure lines circulate helium gas between
the retrigerator and the cold head. The cold head com-
pressor converts the helinm gas to liquid. The hquid
helium expands into a chamber and evaporates, cool-
iy the cold finger where as many as four lasers are at-
tached. The svstem s capsulated in a vacuum chamber
to mimmize heat transter from the ambient surround-
ings. The vaaon pump mamtains the vacuum cham-
ber below 1O - 100 7 torr The laser temperature is
~ol by adhiusime a potentiometer on the CTS. The CTS
revulates the temperature vig sensors and a heating coil
i the cold head

The TN controbs the Laser operatng current. The
controlvindude Do amphtode adiss iment, slow sweep
selection ar three posable rates, and square, ramp, and
~awtooth modulation ap to 200 Hyo The T ON abso con-
rans salens teatires that proesent madvertent overheat-
o overeneteane ol the lasers

Fio diode Leser ased mthas studs s o the Tead-salt
(PPhsnboy vaners The aatpat power s about T mW
Fhe Taser tpicadhe operates simultancoush at 310 3 tre-
Guenoy modes The nnewadth ot a angle Taser operat-
iy mode sospearnied by the manutacturer to about 1

7 om s this narrow inewadth, combined
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with tuning capability, that makes diode lasers an ex-
cellent tool for high-resolution spectroscopy.

Coarse frequency tuning of the laser is performed by
varying the temperature. Varying the laser temperature
causes the laser modes to move discontinuously within
about a 50 cm ~! range. Figure 7a characterizes the
frequencies of the laser used for this study as a func-
tion of temperature. The optimum operating tempera-
ture of the laser is determined by setting the mono-
chromator dial to the frequency of a candidate absorp-
tion line pair and incrementing the laser temperature
until radiation is detected at the monochromator out-
put. This process is iterated until a match is found be-
tween a laser frequency and an absorption line pair
position. For these experiments, a laser temperature of
29 K was selected.

Continuous frequency tuning of the laser is performed
by sweeping the power supply current. Figure 7b shows
a series of monochromator scans that were each ob-
tained at a different laser current at a laser tempera-
ture of 29 K. The figure demonstrates continuous tuning
capability of a single laser mode over a 1.4 cm ™!
range. This is verified by the quality of the etalon scan
given in Fig. 7c.

3.2.2 The Test Cell

The absorption test cell was originally designed for
spectroscopic studies of hot pressurized gases. Some de-
sign modifications were added in the course of this study
to enhance the cell performance at higher temperatures.

Figure 8a illustrates the test cell. The cell, which is
constructed of 316 stainless steel, is 12 in. long and has
a center bore of 0.75 in. Optical access is provided by
two sapphire windows, one at each end of the cell. Gas
enters the cell through the vertical stem via a pneu-
matically-actuated normally-closed valve. The valve is
activated by two solenoid valves and a 100 psi nitro-
gen supply. Pressure gauges connected to the lower stem
in the right end-flange monitor the cell pressure. Al-
though high pressures were not required for this study,
the cell has been pressurized to 1000 psi in other ex-
periments. The surface area of the cell between the end-
flanges is instrumented with ceramic heating elements
that are packed in ceramic insulation and radiation
shielding. Two type-K thermocouples in contact with
the outside wall at the center and end of the cell moni-
tor the temperaturc.

Two major modifications were required to make the
test cell suitable for these measurements. First, the win-
dow/end-cap assembly was redesigned to achieve higher
temperatures. Second, a vacuum enclosure was con-
structed to capsulate the test cell and thereby improve

14

Note: Only the intense modes were recorded
at each temperature
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(a) Laser frequency versus operating temperature.
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(b) Monochromator scans at different iaser currents.

—  }—0.066cm '
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(c) Etalon transmittance as the laser current is scanned.

Figure 7 Diode laser tuning characteristics.

temperature uniformity along the cell length. These
modifications are discussed below.

The original window assembly incorporated two 3-in.-
dia., 0.25-in.-thick sapphire windows that were each
sandwiched between an end-flange and end-cap and
sealed with a silicon O-ring. Because the O-rings melt
above 250°C, the assembly was replaced with modified
end-caps each of which contained a 1-in.-dia., 0.25-in.-
thick, sapphire window. Each window was specially
brazed and sealed to the stainless steel by the California-
based company, Ceradyne. Stainless steel O-rings were
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(b) Top view of inside the vacuum enclosure.

Figure 8 The test cell and vacuum enclosure configu-
ration.

then used to seal the modified end-caps to the end-
flanges. Initial experiments using these windows failed,

however, because the windows fractured after a few
temperature cycles of the test cell and had to be returned
to Ceradyne for repair. The windows were eventually
returned and successfully tested.

The temperatures between the center and end of the
original version of the test cell differed by as much as
70°C. This temperature was unacceptable because ex-
periments of the dual-line ratio technique require a rea-
sonably homogeneous path. To improve temperature
uniformity and to reduce heat loss, an aluminum vacu-
um enclosure was constructed to capsulate the test cell.
Figure 8b shows the dimensions of the enclosure. Dur-
ing operation, the enclosure is evacuated 1o about 0.25
torr. Optical access for the laser beam is provided by
two BaF, windows. Components in the vacuum en-
closure are accessed from the top by removing two large
plates and gaskets. The cell support platform is con-
structed of asbestos to minimize heat conduction to the
enclosure. To preserve the seals in the pneumatically
actuated valve, water-cooled copper tubing was wrapped
around the valve piston housing.

The modification of the test cell window assembly
and the construction of the vacuum enclosure increased
the working temperature from about 250 to 500°C. Al-
though there was some improvement in temperature
uniformity across the cell, test results were still some-
what disappointing. The smallest temperature differen-
tial that could be achieved across the cell varied from
about 20°C at lower temperatures to 35°C at higher
temperatures. Clearly, the development of an absorp-
tion test cell with better temperature uniformity would
be a primary goal of future studies.

4.0 MEASUREMENTS

Temperature measurements were conducted over a
range from 385 to 840 K using two CO absorption line
pairs that were selected trom three absorption lines that
were within the 1.4 cm ' wuning range of the diode la-
ser. One line pair consisted of

CRO™ 2.1 R(5) at 2138911 ¢m !

and

CPO™ 1:0 Pl at 2139427 ¢m

Temperature measurements using this pair were con
ducted in both the Doppler and collivion regimes. The
second line pair consisted ot
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s

!

C'20" 2.1 R(5) at 2138.911 ¢cm ' Background (100%)

transmittance level

-
-
x

and

C20"™ 1.0 R(13) at 2139.914 cm !

LA

Two features of this line pair should be noted: first, b

the first absorption line is the same as that of the previ-
ous line pair, and second, the second line is of a differ-
ent isotope than the first line. This combination was
examined because the STP linestrengths of these lines B
differ only by an order of magnitude. The intent was
to improve temperature sensitivity at lower tempera- A
tures. (For comparison, the STP linestrengths of the Transmittance = -
first line pair differ by about 10*.) The use of the sec-
ond line pair was limited, however, to pressures in the

-

s r
.
s 's

= background — baseline
|

S
S 'ty

"~
Doppler re%ime because at the higher pressures consid- Baseline (0%) A = minimum — baseline ~
ered, the C'*O" line was completely overlapped by the fransmittance level 1 ! ! =~
stronger C'?0'® fundamental line. To avoid confusion Figure 9 Absorption line transmittance measurement.
later, the first line pair of the same isotopes is called N
the matched line pair. The second line pair, of differ-
ent isotopes, is called the mixed line pair. background transmittance level. The test cell was evacu-
This chapter describes the measurement procedures, ated and then both CO and N, were injected to a to- o
the results, and the experimental errors. tal pressure of 1 atm. The CO partial pressure was about <
0.026 atm. The second scan was then performed to rec- A
ord the CO transmittance profiles. The baseline absorp-
4.1 MEASUREMENT PROCEDURES tion level was obtained by blocking the diode laser beam. .
Al three transmittance levels were recorded on the same -
Two parameters besides the absorption line profiles plot. The data collection time for one temperature mea- 7 :
are required to measure the line-center transmittances surement was approximately 3 minutes. -
of the absorption lines: Measurements in the Doppler regime were conduct- .
1. The background (i.e., the 100%) transmittance ed on CO alone, at pressures rangi.ng frorp 0.0013 to &
level at the respective line-centers, and 0_.039. atm. Because of the narrow widths of the absprp-
2. The baseline (i.e., the 0%) transmittance level at tion lines, a separate background scan was not rquxred. s
the respective line-centers. Rather, the baclfground leve} at line-center was inter- o
. - polated from points on the tails of the absorption lines. -
As lllus'trate.d in Fig. 9, once these parameters and the The baseline level was again determined by blocking the
ab;orpnop line profiles are known, the line-center trans- faser beam. For measurements of the mixed line pair, s
mittance is culculated from the baseline level was alternatively determined by in- NS
jecting a large amount of CO into the test cell such that
line minimum - baseline the line-center transmittance of the C'*0'* fundamen- -
= “packground — baseline tal line was 0%. RN
ackground — bascline The tuning rate of the laser for each of the measure- RS
ments described above was 7 x 10 ' cm /s, This 5
Since the procedure to determine the background and rate was selected to be slow enough to ensure adequate KA
baseline levels depended on the pressure regime, mea- resolution of the transmittance profiles on the plotter, " a
surements in the two pressure regimes are described yet fast cnough to ensure that test conditions would not
separately below, change during the scan. The time constants of the lock- A
Measurements in the collision regime were conduct- in amplifiers were set as long as possible (300 ms) to o
ed using a mixture of CO and N, at a total pressure reject high frequency signal fluctuations. e
of 1 atm. Two laser frequency scans were performed The measured line-center transmittance values were
for cach temperature measurement. The first scan was inserted into either Eq. 15 or Eq. 16 to calculate the
performed with 1 atm of N, in the cell to record the temperature.
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4.2 RESULTS

The results are categorized according to the pressure
regime in which the measurements were conducted.

4.2.1 Results of Measurements in the Doppler Regime

Figure 10 shows test results obtained with the mixed
line pair at a CO pressure of 0.026 atm. The abscissa
of the plot denotes the average thermocouple tempera-
ture. The extremes of the bars at each cell temperature
point indicate the cell center-to-end temperatures. Note
that the cell uniformity degrades with increasing tem-
perature.

" The temperature data points obtained with the dual-
line ratio technique show an interesting trend. At low-
er temperatures, the technique predicts higher than the
average thermocouple readings. Conversely, at higher
temperatures, the technique predicts lower than the aver-
age thermocouple readings. The two coincide at 540 K.

The same measurements were repeated at a later date.
In these tests, the time between successive temperature
measurements were doubled to 90 minutes to guaran-
tee that the temperature at the interior of the cell was
stabilized. Figure 11 shows the results. The predicted
temperature obtained from the mixed line pair shows
the same trend as in Figure 10, except that in this case
it is much better defined. The consistency between these
measurements suggests that the actual averaged cell tem-
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Figure 10 Temperature measurements in the Doppler
regime.

perature is not equivalent to the average thermocouple
readings. This is not unexpected since the temperature
distribution across the cell varied with temperature.
Figure 11 also shows temperatures obtained with the
matched line pair at a CO pressure of approximately
0.0013 atm. These measurements were performed in suc-
cession with the mixed pair measurements. Figure 12
shows one example of the transmittance profiles ob-
tained for both line pairs. Except for one data point,
the predicted temperature from the matched line pair
is almost a constant factor lower than that predicted
by the mixed line pair. This suggests a systematic er-
ror, perhaps due to an error in one¢ of the AFGL pa-
rameters that was used to calculate the temperature.
To demonstrate the effect of such an error, the fol-
lowing assumptions were made:
1. The temperature predicted by the mixed line pair
1S correct,
2. The AFGL parameters for each absorption line
of the mixed line pair is correct, and
3. The STP linestrength of the fundmental line of
the matched pair (C*0'" 1-0 P(1)) is in error.
Using these assumptions, the value of the STP line-
strength of C'?0'® 1-0 P(1) line, which was required
for the matched and mixed line pair predictions to be
equal, was determined. The procedures and results are
as follows.
First, using the temperature predicted by the mixed
line pair, the CO pressure for the matched line pair mea-
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Figure 11 Temperature measurements in the Doppler
pressure regime.
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Figure 12 Transmittance profiles of three Doppler-
broadened CO absorption lines.

surement was calculated from the measured line-center
transmittance ar.d the AFGL parameters of the C'?0Q'*
1-0 R(5) line. A calculation of the CO pressure was rc-
quired because the pressure gauge used for the mea-
surements was accurate to only +1 torr. Using the
calculated pressure and the predicted mixed line-pair
temperature, a value of the STP linestrength was cal-
culated next, from the measured line-center transmit-
tance value of the C'“0Q'* 1-0 P(1) line. Equations 2,
4, 8, and 9 were used for the calculations. The calcula-
tions were performed at the two highest temperatures
| plotted on Fig. 11. The results give the values
‘ S, = 1.225 x 10 " and 1.283 x 10 " (mol./cm?) .
The value of the STP linestrength for the C20' 1-0
P(1) line on the AFGI. listing is

S, = 0.893 x 10 " (mol./em?) .

[f the mean of the former values is used in the matched
line temperature calculation, Fig. 13 shows that the
matched and mixed line pair predictions match extreme-
ly well. The single erroneous data point is attributed
1o a noise spike that occurred at the transmittance mini-
mum of one absorption line. The error bars at each data
point will be discussed later.
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Figure 13 Temperature measurements in the Doppler
pressure regime. (The modified STP line strength of
C'0' 1.0 P(1) was used.)

The previous analysis provides some evidence that
the STP linestrength value listed on the AFGL listing
for the C'?0" 1-0 P(1) line might be in error. Intui-
tively, however, this seems unlikely, particularly for such
an intense absorption line. Further study is required to
resolve this issue. The goal of this exercise is to demon-
strate that a systematic error, whatever the source, can
explain the observed data.

4.2.2 Results of Measurements in the Collision Regime

Figure 14 shows temperature measurement results for
a CO plus N, mixture at a total pressure of | atm as
obtained for the matched line pair. Figure 15 shows a
transmittance profile. For comparison, measurements
were also made at the same cell temperatures using both
the matched and mixed line pairs at Doppler pressures.

These data in Figs. 14 and 1S show a number of in-
teresting features. First, the three matched line pair
predictions obtained for cach cell temperature are well
grouped, regardless of the pressure regime over which
the mcasurements were conducted. In addition, the
matched line pair predictions are lower than the mixed
line pair predictions, consistent with the results presented
carlier. Most prominent, however, is that both predic-
tions are higher than the thermocouple readings. This
result was attributed to a fundamental flaw in the test
setup, described next.

As shown in Fig. 8, the thermocouples are in point
contact with the outer surtace of the cell and restrained
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Figure 14 Temperature measurements in both the Dop-
pler and collision regimes.

by fittings in the vacuum enclosure. A break in ther-
mocouple contact with the cell by even 0.00! in. will
result in significantly lower temperature readings. It is
likely that such a break occurred in these measurements.
Breaks in cell-to-thermocouple contact caused by ther-
mal-expansion-induced movement of the test cell and
vacuum enclosure have been observed in previous
studies; however, this was the first occasion where ap-
parently both thermocouples broke contact at the same
time. For future measurement an alternative instrumen-
tation technique is obviously required.

Figure 16 shows the upward shift of the matched line
predictions if the modified STP linestrength that was
calculated previously for the C?0' 1-0 P(1) line is
used in the temperature calculation. At the Jower tem-
perature the agreement between mixed and matched line
pair predictions is excellent. The agreement at the higher
temperature is also improved, although not quite as im-
pressive,

.
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Figure 15 Transmittance profiles of two collision-
broadened CO absorption lines,

Legend m C'20'® 1.0 R(13):C20™ 2.1 R(5) Doppler regime
© C'0' 1.0 P(1):C“0'™ 2.1 R(S) Doppler regime
® C'20' 1.0 P(1):C?0"™ 2.1 R(5) collision regime

900, T SR 1 1 )
Matched line pair PN
850+~ uncertainty o
(collision regime 9}

Mixed line parr % ;

800}- par .

uncertainty
{Doppler regime)

;

-

~
8
T
—

650 ‘
!
GOOL
|
550t
500

| |

50 500 550 500 650 700 750

Average thermocouple temperature 1K1

450
4

Figure 16 Temperature measurements in both Doppler
and collision regimes. (The modified STP line strength
of C?0' 1-0 P(1) was used.)
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4.3 ERROR ANALYSIS

The experimental errors that lead to transmittance
measurement inaccuracies are discussed and quantified
below. The results of this discussion are used to calcu-
late the temperature measurement uncertainty of the
dual-line ratio technique.

4.3.1 Transmittance Measurement Errors

Transmittance errors arise primarily from inaccura-
cies inidentifying the line-center minimum of each ab-
sorption line profile and the line-center background
transmittance levels. The accuracy to which these can
be measured depends on the level of noise in the detec-
tion system, the stability of the test cell environment
and diode laser beam, and the degree of absorption line
overlap. The contribution of each of these factors de-
pends on the properties of the test environment and the
measurement procedure.

For measurements in the Doppler regime, the absorp-
ton linewidths are small enough and the line separa-
tions large enough to neglect potential line overlap
errors. Moreover, since a measurement is made with
a single transmittance profile (i.e., no separate back-
ground scan is required), the system stability between
suceessive seans is not a factor. Therefore, the accura-
¢y of measuring line-center transmittances of absorp-
tion lines in the Doppler regime depends primarily on
the system noise and the capability of interpolating the
background transmittance level from the taiis of the ab-
sorption lines. Based on test experience, it is estimated
that the transmittances of Doppler broadened lines can
be measured to within approximately +£0.5%.,

F-or measurements at collision broadened pressures,
however, absorption line overlap errors cannot be dis-
missed. Overlap error occurs when the tail of one ab-
sorption line overlaps the line-center frequency of the
second absorption line. Figures 17 and 18, show trans-
mittance profiles at various total pressures and temper-
atures that were calculated using Eqgs. 2, 4, and 6. For
the calculations, it was assumed that the line broaden-
ing characteristic of the €O, N, mixture was close
cnough to that of air to make the use of Eq. 7 (for the
collision linewidth of an air-broadened absorption line)
vahd.

' he figures indicate that absorption line overiap er-
ror will be most severe at lower temperatures and higher
pressures. For example, calculations show that at 773
K and at a total pressure of 2 atm, line overlap will in-
duce as high as a 2.5% crror in the measured line-center
transmittance of the €20 2-1 R(5) line. However,
the good agreement between matched line pair predic-
tions obtained at Doppler and collision-broadened pres-

Absorption ine ID: A = C“0* 2.1 R(5)
. B = C“0'"" 1.0 P(1)
. - b
100;(’,‘ P o o (\)
S A
S oA i
g Bl 3 B
8 Ol e
E {c) 1 (d ~
2 100 P P b
® . A ! , A
~ : B
. ' Path length = 30.48 ¢m
8 - Temperature = 773 K
0;» . CO pressure = 0 02 atm
2138.5 21405 2138 5 2140 5

Wavenumber (cm '}

Figure 17 Theoretical transmittance profiles ot two
collision-broadened CO absorption lines at various pres-
sures. Temperature = 773 K. (a) Total pressure = 05
atm; (b) Total pressure = 1.0 atm:; (c) Total pressure =
1.5 atm; (d) Total pressure = 2.0 atm.

Absorption line ID: A = C70™" 21 RS
B = C“0"10PM
100 (a) . (b i
"j l . A 8
e oA P
5 0.
z “c) - {d)
£ 100 .
5
- A B A B
Path length - 3048 ¢m
Temperature - 1273 K
0 CG pressure . (002 atm
2138 2140521385 2140 5

Wavenumber fcm

Figure 18 Theoretical transmittance profiles of two
collision-broadened CO absorption lines at various pres-
sures. Temperature = 1273 K. (a) Total pressure = 05
atm; (b) Total pressure = 1.0 atm; (c) Total pressure =
1.5 atm; (d) Total pressure = 2.0 atm

sures, respectively, shown on Fig. 16, indicates that ine
overlap errors did not significantly attect the measure-
ments at a total pressure of 1 atm.

Achieving acceptable stability between hackground
and absorption line scans for the higher pressure mea-
surements was a particular problem, primanly because
of etalon-like effects from lenses and windows that were
sensitive to even the smallest of system perturbanons.
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Figure 19 illustrates an etalon effect that resulted from
multiple reflections between the cell windows. Etalon
effects are minimized by a combination of decollimat-
ing the laser beam and skewing the beam through the
system elements such that multiple reflections do not
overlap. Figure 20 demonstrates the scan-to-scan repeat-
ability that was achieved in these measurements. The
estimated transmittance measurement uncertainty is
higher for collision-broadened lines than for Doppler-
broadened lines because of the higher background un-
certainty. Specifically, the estimated transmittance un-
certainty is + 1.0%.

4.3.2 Temperature Uncertainty

The temperature error caused by the transmittance
measurement error 1s derived by expanding the absorp-
tion coefficient ratio in a Taylor's series about a tem-
perature T,

Yoy = Mo
k. ok,
(T =T d (k‘)l + +
+ - .
dT k: !

Neglecting the higher order terms and solving for (T
) gives

A‘(r) k'm
3 k:
AT (I n . —

d (k‘)l
(/, k: 7

k,

A

k-

d (A’, ) l '
(iT k: !

Ditferentiating either Eq. 14 or Eg. 15, depending on
the pressure regime, gives d/dT (k,/ks). ;. Substitut-
ing this value above yields
Ky
A
ks

1.439AF S, {1 1
s exp | 1.439a8 . -
T S, « I, T

Al

-~

Shight etalon effect of

\‘\‘ \/\‘\\ cell windows
N %\
g ~e=
\\

. . 0.066 cm
"o ‘ Vb I il Germamum
o | "‘ H jl 'ﬂ !‘ A, etalon transmittance:
b 1 H
! "/'.;'\“';’il/s ‘(/,
FERY Y 1
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1
Laser current —= (8478 A

Figure 19 Etalon-like degradations in transmittance
spectra.

Two successive background
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Figure 20 Scan-to-scan repeatability of the background
transmittance level.

Using Eq. 16, the temperature measurement uncertainty
was calculated as follows.

The line-center transmittances of the two absorption
lines were calculated from Egs. 2, 4,6, 7, 8, and 9. Fig-
ure 21a shows the result, as a tunction of temperature,
for the matched line pair in the Doppler regime. Using
the transmittance values, &, A. was calculated from

ky In(T, £ AL (17
ke In(T. + A% '

where Af is the transmittance measurement error that
was estimated previousty. Four curves of &) AL were
generated, one for cach of the Tour combinations ot
Fq. 17. The envelope bounding the four curves detines
the uncertainty in K, A. caused by the transmittance
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Figure 21 Temperature uncertainty calculations for the matched line pair in the Doppler-broadened regime. (a) The .
calculated line-center transmittances of the two absorption lines. (b) The uncertainty envelope of the absorption coeffi-
cient ratio as determined by applying a +0.5% transmittance error to the transmittance values calcutlated above.
(c) The temperature error caused by the uncertainty in the absorption coefficient ratio.
| Figure 22 Temperature uncertainty calculations for the matched line pair in the collision-broadened regime. (a) The -
calculated line-center transmittances of the two absorption lines. (b) The uncertainty envelope of the absorption coetti-
cient ratio as determined by applying a + 1% transmittance error to the transmittance values calculated above. (c) ..
The temperature error caused by the uncertainty in the absorption coetficient ratio. ~T
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Figure 23 Temperature uncertainty calculations for the mixed line pair in the Doppler-broadened regime. (a) The
calculated line-center transmittances of the two absorption lines. (b) The uncertainty envelope of the absorption coeffi- "',
cient ratio as determined by applying a +0.5% transmittance error to the transmittance values calculated above. ;.-‘
(c) The temperature error caused by the uncertainty in the absorption coefficient ratio.
W
2
-5

T T N R U P N s R S R
Y e I N S e P e e e e e




THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
LAUREL, MARYLAND

measurement error. Figure 21b shows the &, /k, uncer-
tainty envelope for the matched line pair in the Dop-
pler regime. From the previous section, the transmit-
tance error is £0.5%. The size of the uncertainty enve-
lope at each temperature was used for A k, /&, in Eq.
16. Figure 21c plots the corresponding temperature un-
certainty as a function of temperature for the matched
line pair in the Doppler regime. Figures 22 and 23 show
similar plots for the matched line pair in the collision
regime (for a transmittance error of +1%) and the
mixed line pair in the Doppler regime (for a transmit-
tance error of +0.5%), respectively.

The error bars on the data points of Figs. 12 and 16
are obtained from parts ¢ of Figs. 21 through 23. The

error bars indicate that the best accuracy at low tem-
peratures and at pressures in the Doppler regime is
achieved with the mixed line pair measurement. The
temperature uncertainty is better than +1%. Howev-
er, as temperature increases to about 800 K, the uncer-
tainty increases to higher than +2%. At this temper-
ature, the matched line pair (at pressures in the Dop-
pler regime) gives better accuracy (i.e., about 1%),
demonstrating the importance of the absorption line
selection process in determining measurement accura-
cy in a given temperature range.

5.0 CONCLUSIONS

The results of this study demonstrate the use of the
dual-line absorption ratio technique for measuring tem-
peratures below 1000 K. For pressures in the Doppler
regime the measurement uncertainty is estimated to be
+ 1% at 700 K. At the same temperature at a pressure
in the collision regime, the uncertainty is approximate-
ly £2%. The use of absorption lines of different iso-
topes at pressures in the Doppler regime to improve low
temperature measurement accuracy was also demon-
strated. This work augments a previous study by Han-
son et al.® that considered only temperatures above
1000 K, pressures in the collision regime, and absorp-
tion line pairs of the same isotope.

To calibrate the dual-line ratio technique accurately
at temperatures below 1000 K, some improvements in
the test apparatus are required. For example, a shorter
path length test cell would provide significantly better

temperature uniformity. In addition, an alternate tech-
nique of supporting the cell thermocouples is essential
to prevent breaks in thermal contact with the test cell,
caused by thermal expansion. Also, a pressure gauge
that has a resolution of less than | torr would ensure
a controlled cell environment for low pressure measure-
ments. Lastly, replacing lenses in the optical system with
off-axis aspheric mirrors and replacing plane parallel
windows with wedged windows would greaily reduce
etalon effects that degrade the transmittance spectra.

Since the precision of the STP absorption line
parameters are crucial to the dual-line ratio technique,
a calibration of the technique should include accurate
measurement of these parameters. Because of its nar-
row single-mode linewidth, the tunable diode laser is
an ideal tool for this. However, such measurements re-
quire a precisely controlled environment.
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APPENDIX A
The AFGL Absorption Line Compilation

»

The Air Force Geophysics Laboratory (AFGL) com-
pilation lists absorption line parameters for the seven
primary atmospheric species:

Molecule Identification no.

on AFGL listing
H.O 1
CO. 2
0O, 3
N.O 4
CcO 5
CH, 6
0, 7

The data tor each absorption line includes v, the line-
center wavenumber, S,, the linestrength (molecules/
cm”®), «, the half-width (cm '/atm), E,, the term val-
ue of the lower energy level (cm '), the transition
quantum numbers, the date the data were acquired, the
isotope, and the molecule identification number. An ex-

ample of the AFGI. listing is shown below.

A Fortran program that reads the AFGL 9-track
magnetic tape is shown at the right. The program was
developed on an IBM system 3033 computer.

: WAVENO, LINE STRNGH WIDTH L_OWER STATE

b .

] 2189,174 0,997€e=-23 0.100 307.916 10
2139,203 0,324E=22 0,064 2470,631 0
2139,216 0.169g-22 0,073 2562,227 0
2139.217 0.169E=22 0.073 2562,227 0
2139.238 0,119€-2)1 0,077 892,236 0
2139,241 0,179F=24 0,068 1748,578 2
2139.271 0,325e=-22 0,064 2470,033 0
2139,278 0,101E~24 0,066 2318,54] 7
2139,317 0.914€-26 0,066 1945,796 1
2139.328 0,272E-25 0.067 2597.898 1
2199,329 0.,794E=-22 0,045 1631,384 10
2139.333 0,34)1g-22 0,100 529,577 30
2139,348 0,382E-22 0,055 2510.107 0

LN, NS - e

/GEARATAS JOB (‘10!! ,.N),'S.A. CEARMART' NOTIFY=GEAR,
/ USER=GEAR X6863

/*MAIN QRG=RMO07

/ EXEC FHXLG

/F.SYSIN DD *

THIS PROGRAM READS ABSORBTION { INE DATA FROM THE AFCRL DATA
TAPE{ 1984), DATA IS PRINTED FOR A SPECIFIED WAVENUMBER RANGE.
EACH TAPE FILE CONTAINS DATA FOR A 100 WAVENUMBER RANGE.

OIMENSION GNU(40),S(40}, ALPHA({4O ), EDP(40), TRY{40), TR2{4O), TR3I(40)
,;u:(uO),TRS(MO),Tnsluo).YR1(u0).TRa(MO).¥R9\u0),I|(h0),lz(uoh
1340

INTEGER®Y K

READ (5,2)WAVE1, WAVE2

2 FORMAT{2F10.0

WRITE(S, a)HAvil'HAVEZ

FORMAT( 1H1, 20X, 'AFGL ABSORBTION LINE PARAMETERS COMPILATION DATA'
1L //,10%, YDATA FROM WAVENUMBER=',F10.3,'TO WAVENUMBER= ', F10.
2 77,%  WAVENO. LINE STRNGH WIDTH LOWER STATE anus\twou Qu
JANTUM NUMBERS DATE 1S0T MOL',/)

K={ABS{ (WAVE1-1.0)/100))+10.0

9 00 50 I=1,%00
READ{ K, \5 END=60) | CARD

15 FORMAT( 110)

aacus'Acc 3
EAD{ K, 20) (GNU{N), S(N) ALPHA(N}, EDP(N), TRT(N

vnz(n) TRI(N), TRU{N), ras(n) TRE( M), TRT{N), ran(ul TRO(N),

N

é K), 12(N), 1§(N),N=1, iCARD}
20 T(10x, uolrno 3.610.3,F5.3,F10.3,8A4,A3,13,14,13)}
30 oo 40 J=1, ICARD
ur(cuu(J) LT WAVE1)GO YO 40
IF{13(J).NE.S.) GO TO 40
|r(cuu(J) cr WAVEZ2)00 TO 100
- IF WRITE UNITH I8 6, DATA GOES TO PRINTER -
. \F WRITE UNIT# 1S 8, DATA COES TO DATA SET .
WRITE(6,35)GNU(J), S(J), ALPHA{J), EDP(J), TRY(J), TR2(J},
WRITE(S,36)GNU(J).S(J).ALPHA(J), EDP(J), TRI(J), TR2(J),
5 T;?Sj),Y?h(J),YRS(J),llé(J).7R7(J),YR0(Jl.Yl?(J) 1y,
35 onnar(rio 3,2%,€10.3,2X,F5.3,2%,F10.3,2X,8A4, A3, 2K, 13,
1 zx 14,2X,13)
36 MAT(F10.3,610.3,F5.3,F10.3,8A4,A3,13,14,13)
40 couru UE
1F{ ICARD . NE_40.1GQ 10 &Q
50  CONTINUE
60 REWIND K
Knk+1
GO 10 9
100 SToP
/c.5705¢301 DD _DSNef1C.WJT.SHARE,AFGL,
/ DISP=(NEW,CATLG, DELETE), UNITxSAVE,
/ DCB=(LRECL=80,8LKSIZE=6160,RECFM=FB),
TRANSITION QUANTUM NUMBERS DaATFE 1SOT wmOL
8 2 11 9 3 200 300 79 666 k]
221 0220 P S5C 13 446 4
331 0330 P 430 13 LX) 4
31311 0330 P 43C 13 [ 271 L]
111 0110 p 27C 13 456 4
1101 02201 P 32 482 626 2
221 0220 P 550 13 [T .
3 5 T 2 6 100 0160 180 161 1
330 02201 R J9 482 626 2
1112 11101 P 36 482 626 2
7 4 9 6 3 010 000 180 161 1
§25 31 6 26 200 000 79 666 3
001 0000 P77 13 446 L
24
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APPENDIX B
The Spectra of Diatomic Molecules

The equations that determine the spectra of diatom-
ic molecules are discussed briefly below. A more com-
plete development can be found in Ref. 8.

Solution of the Schrodinger equation for a vibrating-
rotator gives the values of the quantized energy values
of a diatomic molecule:

E = G(Whe + Fp(J)he , (B-1)
where I"and J are the respective vibration and rotation-
al quantum numbers. The first term of Eq. B-1, repre-
senting the energy of an anharmonic oscillator, is given
by

G(V)he = (wpV — wyXp ¥V + woyo V) + .. ke,

(B-2)
where
Wy = w, — WX, + 3w,y /4 + ...,
WpXp = WX, — 3w,y /2 + ...,
woVo = w¥e + ... . (B-3)

The first term of Eq. B-2 represents the energy of a sim-
ple harmonic oscillator. The other terms in the series
are required in order to obtain the energy of an anhar-
monic oscillator, such as is observed in nature. (The
harmonic oscillator has energy levels of equal spacing—
the anharmonic oscillator has energy levels that become
closer as Vincreases.) The second term in Eq. B-1 rep-
resents the energy of a nonrigid rotator, given by

F(hhe = [B.JWJ + 1) — DJ(J + 1) )he .
(B-4)

The first term in Eq. B-4 contains the rotational con-
stant B, , which is inversely proportional to the molec-
ular moment of inertia. The second term, which is small
tor small J, accounts for the change in the moment of
inertia caused by centrifugal stretching of the molecule.
Note that Eq. B-4 neglecis wune effect of vibration on

G Hersherg, Molecular Spectra and Molecular Structure: 1. Spec-
tra of Diatomic Molecules, 2nd ed., Van Nostrand Reinhold Co.,
New York (1950).

the moment of inertia since this is small for small values
of v. The molecular constants, «,, w v, «, V,. B,
and D,, in Eqs. B-2 and B-4 are tabulated in Ret 8
for a number of diatomic molecules. Using these con-
stants, the energy levels can be determined, as depict-
ed in Fig. B-la.

Using Egs. B-1 to B-4 and the quantum-mechanical
selection rules for a diatomic molecule, which dictate
that energy transitions only occur in such a wayv that
both v and J change by =+ 1, respectively, the frequen-
cies of the spectral lines can be determined. A change
in J of 1 denotes an R transition; a change in Jof ]
denotes a P transition, as indicated in Fig. B-1b. Thus,
for a given vibration transition, there is a host of nar-
rowly spaced spectral lines corresponding 1o the changes
in rotational energy. These lines are centered about the
frequency (in wavenumbers)

v, = G(V")Y — GV (B-5)

where V' and V” are the initial and tinal quantum
numbers, respectively. Using Egs. B-4 and B-5, the fro
quencies of the spectral lines are, therefore, given by

PR = + F(j + ]) - I‘(J)
for the R transitions, and
vp = 1y, + FJ - 1) 1)

for the P transitions. Neglecting the centritugal force
term in Eq. B-4, these equations reduce to

ve = v, + 2B, + 2B.J (B-6)

rpooTo, 2B.J (B-7)
The rotation-vibration of HCl for the s Otor

1 transition (called the fundamental) is shown in Fig.
B-1c¢. Note that the R branch is on the higher trequen-
cy side of p,. In addition, there is no absorption line
at », because the selection rules preclude a /O tran-
sition. The spacing between fundamental lines is approy-
imately

vR. - vw o= 2B (B-R)
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(a) Energy levels of a vibrating-rotator. (b) R and P energy transitions.
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(c) Vibration-rotation spectrum for the fundamental tran-
sitions (v = 0 — 1) of HCI.

Figure B-1 Energy levels and spectrum of a diatomic molecule.
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